1. Introduction
===============

\[2\] As global temperatures keep rising, plants in seasonally cold climates such as the temperate and boreal biomes of the Northern Hemisphere experience increasing growing season lengths. Convincing evidence for warming induced earlier spring plant activity and, although less prominent, delays in autumnal plant senescence derives from plant phenological observations and satellite remote sensing \[[@b14]; [@b21]; [@b31]\]. Whether longer growing seasons translate into longer carbon uptake periods (CUP), i.e., the time period during which the net ecosystem carbon dioxide (CO~2~) exchange (NEE) is negative corresponding to the period of net carbon gain by ecosystems, however, is much more controversial. Published reports range from increased \[[@b3]; [@b7]; [@b8]\], over no change \[[@b13]; [@b22]\], to reduced net carbon gain or even net carbon release with increasing growing season length \[[@b1]; [@b9]; [@b12]; [@b25]; [@b26]\].

\[3\] One aspect that has not been formerly investigated is the degree to which shorter day length and lower levels of incident radiation during earlier starts/later ends of the growing season may limit the potential for additional carbon gains. From first principles, it is to be expected that daily net carbon gains will be more difficult to realize during these times due to shorter daylight periods, during which plants may assimilate CO~2~, combined with lower levels of incident radiation and correspondingly longer nighttime periods, during which ecosystems release CO~2~ through respiration.

\[4\] The objective of the present paper is thus to investigate the trade-offs between shorter day lengths, lower levels of incident radiation, and warming induced earlier starts of the growing season on the start of the CUP. To this end, we investigate three mountain grassland ecosystems in the Alps ranging in elevation from 970 to 2160 meters above sea level (m asl), providing a gradient in the timing of spring snowmelt and thus the start of the growing period.

\[5\] We hypothesize (Hypothesis 1) that shorter day lengths/lower levels of incident radiation at the beginning of the growing season, associated with warming induced earlier snowmelt, reduce the carbon gain that can be realized with the lengthening of the snow-free period. Furthermore, we hypothesize (Hypothesis 2) that this effect is more pronounced at lower elevations, where snowmelt occurs around the spring equinox when day length changes most rapidly. Conversely, at higher elevations, where snowmelt occurs closer to the summer solstice when changes in day length are minimal, we expect relatively modest effects. In order to disentangle the effects of day length and incident radiation from confounding year-to-year variability in environmental conditions, we use a simple empirical model, which we calibrate and force with multiyear records of ecosystem-atmosphere NEE measurements and environmental drivers, respectively.

2. Methodology
==============

2.1 Experimental Data
---------------------

\[6\] This study makes use of multiyear records of NEE, measured by means of the eddy covariance method \[[@b2]; [@b4]\], at three mountain grassland study sites in the Alps, Neustift, Monte Bondone, and Torgnon (Table [1](#tbl1){ref-type="table"}). For details on the study sites, the measurements of NEE and associated environmental parameters, we refer to the key site references listed in Table [1](#tbl1){ref-type="table"} and [@b23]. The timing of snowmelt was determined from automated/manual snow height measurements, the analysis of webcam images \[[@b19]\], measurements of albedo, and/or soil temperature \[[@b11]\]. The start of the CUP was defined as the date in spring when the 5 day daily moving average NEE turned to net uptake (NEE \<0) \[[@b9]\].

###### 

Characteristics of the Three Investigated Mountain Grassland Sites

  Site                                            Neustift           Monte Bondone      Torgnon
  ----------------------------------------------- ------------------ ------------------ ------------------------------------------------
  Country                                         Austria            Italy              Italy
  Latitude                                        47°07′N            46°01′N            45°50′N
  Longitude                                       11°19′E            11°02′E            7°34′E
  Elevation (masl)                                970                1550               2160
  MAT (°C)[a](#tf1-1){ref-type="table-fn"}        6.5                5.5                3.1
  MAP (mm)[b](#tf1-2){ref-type="table-fn"}        852                1189               920
  Snowmelt date[c](#tf1-3){ref-type="table-fn"}   70 (49--91)        115 (87--129)      128 (102--144)[d](#tf1-4){ref-type="table-fn"}
  Management                                      Intensive meadow   Extensive meadow   None
  Data coverage                                   2001--2011         2003--2009         2009--2011
  Key reference                                   [@b32]             [@b16]             [@b9]

The mean annual temperature.

The mean annual precipitation.

The median and observed range in Julian date.

Based on data from 2000 to 2011.

2.2 Modeling
------------

\[7\] Daily average NEE (µmol m^−2^ s^−1^) was calculated aswhere the subscript *d* stands for daytime, *n* for nighttime, and *t~d~* is the day length (hours), which was calculated according to [@b6], with the civil twilight parameter adjusted at each site to provide the best fit to measured day length (defined as the time period with incident photosynthetically active radiation \>5 µmol photons m^−2^ s^−1^) (Figure S1 in the supporting information). Average daytime NEE was then further split into gross photosynthesis (*A*; µmol m^−2^ s^−1^) and daytime ecosystem respiration (*R~d~*; µmol m^−2^ s^−1^), while average nighttime NEE was equated with average ecosystem nighttime respiration (*R~n~*; µmol m^−2^ s^−1^). Finally, we assumed that *R~d~* = *R~n~*, i.e., ecosystem respiration is the same during day and night and replaced *R~d~* and *R~n~* by daily average ecosystem respiration (*R*; µmol m^−2^ s^−1^). Tests with separate formulations of daytime and nighttime ecosystem respiration based on corresponding temperatures showed that use of an average daily ecosystem respiration does not reduce model performance. Due to the fact that the model is run over a relatively short period of time (\<50 days) during which soil moisture, due to the preceding snowmelt, is relatively high, the respiration model does not include a moisture term, which would be required for seasonal simulations and more variable soil moisture conditions \[e.g., [@b20]\].

\[8\] Daily average gross photosynthesis was modeled as a Michaelis-Menten-type function of daily average incident photosynthetically active radiation (*I*; µmol photons m^−2^ s^−1^), modified by a Gompertz-type phenological scalar based on the sum of daily average air temperature (*T*; °C) \> 0°C since snowmelt (*T*^\*^; °C)

\[9\] Snowmelt was simulated to occur when the sum of air temperature, cumulated since 1 January for *T* \> 0°C, crossed a site-specific threshold, (°C).

\[10\] Daily average ecosystem respiration was simulated as an exponential function of *T* modified by a phenological scalar linearly dependent on *T*^\*^ \[[@b32]\].

\[11\] The phenological scalars are supposed to capture temporal changes in amount and photosynthetic activity of the plant leaf area and correlated changes in belowground respiratory activity.

\[12\] Free model parameters a--g were determined by minimizing the sum of the absolute differences between measured and simulated daytime and nighttime average NEE, weighted by the respective random uncertainties \[[@b27]\], while was determined by simple least squares regression (Table S1).

\[13\] In order to disentangle the effects of day length and incident radiation from confounding year-to-year variability in environmental conditions, simulations of warming were conducted with climatologies of incident photosynthetically active radiation and air temperature, derived as detailed in the supporting information. Incident photosynthetically active radiation was kept at the values of the climatologies, while warming was simulated by uniformly increasing climatological air temperatures up to +3 K in 0.25 K steps. The upper value of +3 K was chosen as it is in the middle of the range of projections of regional climate models for the end of this century \[[@b10]; [@b30]\].

\[14\] In principle, the same mechanisms investigated for the start of the CUP in spring might be expected to be at work at the end of the CUP in autumn. Initially, the same model as above, with the phenological scalar in equations [(1)](#e1){ref-type="disp-formula"} and [(2)](#e2){ref-type="disp-formula"} modified to simulate a reduction in gross photosynthesis and ecosystem respiration with decreasing temperature, was thus used to simulate NEE during the autumn transition from carbon sink to source (data not shown). Due to carry-over effects from the last managed intervention (Figure [1](#fig01){ref-type="fig"}) and due to the fact the downregulation of plant carbon gain during autumn appears to be a more complicated process than the upregulation in spring \[[@b28]\], the model performed poorly at the end of the CUP, which is why in the present paper we focus on start of the CUP only.

![Cumulative net ecosystem CO~2~ exchange (NEE) at the study sites Neustift, Monte Bondone, and Torgnon. Grey areas indicate the range in the start and end of the carbon uptake period (CUP). Sudden upward trends in cumulative NEE during the CUP at Neustift and Monte Bondone correspond to times when the grasslands were harvested, which caused them to temporarily turn into carbon sources \[[@b16]; [@b32]; [@b33]\].](grl0040-6136-f1){#fig01}

3. Results
==========

\[15\] Snowmelt was time delayed with increasing elevation and occurred between day of year (DOY) 49--91, 87--129, and 102--144 at Neustift, Monte Bondone, and Torgnon, respectively (Table [1](#tbl1){ref-type="table"}). The simple snowmelt model, driven solely by cumulated air temperature, predicted snowmelt dates with a 0.5 \< *R*^2^ \< 0.8 and a mean absolute error (MAE) 4.8 \< MAE \< 8.2 days (Table S2). The start of the CUP followed the elevational gradient in the timing of snowmelt and occurred between DOY 93--114, 109--140, and 123--164 at Neustift, Monte Bondone, and Torgnon, respectively (Figure [1](#fig01){ref-type="fig"}). Daily changes in day length at the start of the CUP were inversely related to the start of the CUP, a 10 day earlier onset of the CUP amounting to a 32, 27, and 20 min reduction in day length at Neustift, Monte Bondone, and Torgnon, respectively.

\[16\] The calibrated model was well able to capture the temporal course in average daytime (0.69 \< *R*^2^ \< 0.79, 0.65 \< MAE \< 1.12 µmol m^−2^ s^−1^) and nighttime (0.42 \< *R*^2^ \< 0.64, 0.31 \< MAE \< 0.88 µmol m^−2^ s^−1^) NEE after snowmelt (Table S2), even though observed interannual variability in nighttime NEE was underestimated (Figure [2](#fig02){ref-type="fig"}). Nevertheless, the model accurately reproduced daily average NEE and the start of the CUP (to within 2 days or less) (Figure [2](#fig02){ref-type="fig"}).

![Measured and simulated multiyear average (top) nighttime, (middle) daytime and (bottom) daily average net ecosystem CO~2~ exchange (NEE) at the study sites Neustift, Monte Bondone, and Torgnon. Data are binned by day before/after the start of the carbon uptake period (CUP). Error bars represent multiyear average standard deviations of measured and simulated NEE.](grl0040-6136-f2){#fig02}

\[17\] Simulated warming caused both the snowmelt date and the start of the CUP to advance, the latter however lagged the former and thus the time period and integrated carbon losses in between increased with simulated warming (Figure [3](#fig03){ref-type="fig"}). A simulated 10 day earlier snowmelt caused the time period until the start of the CUP to extend by 1.8, 1.1, and 0.7 days (Figure [3](#fig03){ref-type="fig"}) and increased carbon losses by 2.8, 1.2, and 0.4 gC m^−2^ (data not shown) at Neustift, Monte Bondone, and Torgnon, respectively. The delay, in absolute terms, was longest at Neustift, followed by Torgnon and Monte Bondone, reflecting site-specific differences (represented in the model parameters; Table S1) in the ecosystem\'s ability to recover net ecosystem carbon gain after snowmelt.

![Time delay between snowmelt date and the start of the carbon uptake period (CUP) based on simulated warming using (left) climatological drivers and (right) as measured during the study period. Warming in the Figure [3](#fig03){ref-type="fig"} (left) was simulated by uniformly increasing climatological temperature (rightmost data points) up to +3 K (leftmost data points) in 0.25 K steps (closed symbols); lines and slope values represent linear fits to these data. The stepwise pattern in Figure [3](#fig03){ref-type="fig"} (left) results from changes in NEE in response to 0.25 K warming steps that do not cause daily NEE to switch sign. Open symbols in Figure [3](#fig03){ref-type="fig"} (left) refer to warming simulations where day length and incident radiation were increased to the values of the control simulation, as explained in the text. Lines and slope values in Figure [3](#fig03){ref-type="fig"} (right) refer to linear fits to the measured data with *R*^2^ values of 0.82, 0.37, and 0.99 at Neustift, Monte Bondone, and Torgnon, respectively. Note on the different scales of the *y* axis in Figure [3](#fig03){ref-type="fig"} (right).](grl0040-6136-f3){#fig03}

\[18\] As simulated warming affects NEE not only indirectly through advancements in the snowmelt date and associated changes in day length and incident radiation but also directly through equations [(2)](#e2){ref-type="disp-formula"} and [(3)](#e3){ref-type="disp-formula"}, we ran a second set of warming simulations with day length and incident radiation increased so that each day these would take the same values as in the control simulation based (i.e., +0 K warming on the climatological data). Controlling for day length and incident radiation in this way largely removed the lengthening of the period between snowmelt date and start of the CUP (Figure [3](#fig03){ref-type="fig"}) and the associated CO~2~ losses (data not shown), confirming the importance of day length and incident radiation in shaping the observed response to warming.

\[19\] Measured interannual variations in the delay between snowmelt and the start of the CUP confirmed the trend of the warming simulations, i.e., earlier snowmelts caused the time period until the start of the CUP to increase also under real-world conditions (Figure [3](#fig03){ref-type="fig"}). However, compared to the simulated warming imposed on the temperature climatologies, the magnitude of change was, with the exception of Torgnon where only 3 years of measurements were available, 3 to 4 times larger. In addition, interannual variations were, at least partly (e.g., Monte Bondone), characterized by considerable scatter, with similar snowmelt dates resulting in delays until the start of the CUP that differed by more than 20 days (Figure [3](#fig03){ref-type="fig"}).

4. Discussion
=============

\[20\] While earlier/delayed plant activity in spring/autumn and their negative/positive correlation with warming are well documented for the Northern Hemisphere \[[@b14]; [@b17]; [@b21]; [@b29]; [@b31]\], reports on the resulting effects on the NEE of terrestrial ecosystems are contradictory \[[@b24]; [@b28]\]. In the present paper the role of reductions in day length and incident radiation going along with advancements in the growing season start for any additional carbon gain that may be realized during this period was investigated.

\[21\] We hypothesized (Hypothesis 1) that there should be diminishing returns, in terms of carbon gain, of earlier snowmelts, as solar geometry reduces the quantity and duration of daylight early in the season, and thus daytime plant photosynthetic CO~2~ uptake, and conversely increases the length of the nighttime period, during which respiration dominates and ecosystems act as sources for CO~2~. Consistent with Hypothesis 1, we found that simulated warming caused the time period between snowmelt and the start of the CUP, during which ecosystems act as source of CO~2~, to increase, which could be shown to be due to combined reductions in day length and incident radiation (Figure [3](#fig03){ref-type="fig"}). In accordance with other experimental studies \[[@b9]; [@b18]; [@b19]; [@b32]\], longer periods of CO~2~ losses following earlier snowmelt were also observed on the basis of the actual interannual variability in snowmelt and start of the CUP dates (Figure [3](#fig03){ref-type="fig"}). Except for Torgnon, where only 3 years of data were available, the sensitivity of the start of the CUP to changes in snowmelt dates was however 3 to 4 times larger under naturally varying weather conditions, compared to the simulated warming experiment (Figure [3](#fig03){ref-type="fig"}). It thus appears that interannual variations in the depth of the snowpack and environmental conditions after its melt act as to amplify the effects of day length and incident radiation. In particular, it was observed that daytime NEE after earlier snowmelts, which were associated with less than average (compared to the climatology) incident radiation, required more time to become negative or oscillated between net source and sink.

\[22\] These confounding effects are also key to reconciling our results with experimental studies \[e.g., [@b3]\], which report larger carbon gains following earlier snowmelts. With one exception discussed below, shorter day lengths and lower levels of incident radiation associated with earlier snowmelts should per se always cause a reduction in NEE and thus a lengthening of the period between snowmelt and the start of the CUP. Reported constant or larger carbon gains following earlier snowmelts are thus likely to result from confounding environmental effects, e.g., earlier snowmelts being associated with environmental conditions that promote ecosystem carbon gain or reduce ecosystem respiration, which compensate for the effects of reduced day length and incident radiation. As discussed by [@b22], these effects are likely to be site specific. For example, [@b13] found that temperature-driven earlier snowmelts at two nearby tundra sites caused diverging patterns in NEE after snowmelt: A fen site responded with increased NEE, while a mixed tundra site showed no response or even a decrease in NEE in response to earlier snowmelts.

\[23\] The exception to this general rule are sites which are located far enough north \[e.g., [@b3]\] or at high elevation \[e.g., [@b5]\] so that snowmelt and the start of the CUP occur after the summer solstice. In these cases, any advancement in snowmelt date, through an increase in day length and incident radiation, will per se always have a positive effect on the NEE.

\[24\] Taken together, the demonstrated diminishing returns of earlier starts of the growing season (i.e., snowmelt date) sound a note of caution to simple extrapolation of experimentally observed additional carbon gains during longer growing seasons (2--18 gC m^−2^ y^−1^ for each additional day of CUP) \[[@b3]; [@b7]; [@b8]; [@b34]\] into the future, as these extrapolations are likely to be biased high.

\[25\] Consistent with our Hypothesis 2, we found that the diminishing returns in terms of carbon gain of any advancements of the growing season on the start of the CUP were more pronounced at lower elevations, where snowmelt occurred around the spring equinox, as opposed to higher elevations, where snowmelt occurred closer to the summer solstice. Around the spring equinox, day length and incident radiation change most rapidly, and thus, any advancement in the timing of snowmelt and the CUP is more heavily "penalized" compared to sites where snowmelt and the start of the CUP occur closer to the summer solstice, around which changes in day length and incident radiation are minimal, or even after the summer solstice, when earlier snowmelt causes an increase in day length and incident radiation. It can thus be concluded that ecosystems at higher elevations will be better able to take advantage from warming induced longer growing seasons in terms of carbon gain than ecosystems at lower elevations.

\[26\] The present study made use of gradient in the timing of snowmelt driven by the reduction of temperature with increasing elevation \[[@b15]\], our conclusions are however expected to be more universally valid and thus hold for example also for gradients in growing season length driven by latitude, even though [@b34] caution that different ecosystem types may show a contrasting response.
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